This paper addresses the design of a high precision space antenna with the adaptive structure system by simultaneous optimization of the structure and the actuators. The results of the design optimization show that the higher precision surface can be obtained by the simultaneous optimum design than the individual optimum design of the actuators. The feasibility of the simultaneous optimum design is examined experimentally. The surface error obtained by the experiment is in agreement with the surface error of the design optimization, and thus, the feasibility of the simultaneous optimum design is verified.
Introduction
High precision space antennas, such as Muses-B 1) and Astro-G 2) , have the subject of continued interest and developed in the past several decades. The required surface accuracy for the space antenna have become higher and higher to realize the high radio frequency survey. In the space environment, the surface accuracy can be degraded easily due to the disturbances, such as the aging degradation of the material and the thermal deformation. Thus, the antenna system, which can maintain the surface accuracy in the space environment, is requested. The adaptive structure system 3) is one of the systems to maintain the surface accuracy of the space antenna. The adaptive structure system controls and corrects the structure by using the actuators to adapt the space environment. When the adaptive structure system is introduced to the structure, the performance of the shape correction is determined by the stiffness distribution of the structure and the output force and the location of the actuator. However, in the conventional study, the structure and the actuator are treated individually, especially for the actuators 4, 5) . Therefore, it is significant to design the structure and the actuators simultaneously. In this paper, the design of the high precision space antenna with the adaptive structure system is examined by the simultaneous optimization of the structure and the actuators to improve the surface accuracy. At first, the simultaneous optimization of structure and actuators is performed. Then, the feasibility of the optimum design is verified experimentally. Finally, the optimum design is discussed based on the results of the design optimization and the experiment.
Analysis Model of Rib-Stiffened Shell Antenna
This section presents the design domain and the analysis model of the space antenna.
Overview of rib-stiffened shell antenna
Several conventional antenna structures have been developed, such as the membrane, the mesh, the solid, and the shell. The membrane and the mesh antenna are difficult to realize the high precision surface because these antennas approximate the parabolic surface by polyhedron. In the case of the solid antenna, the parabolic surface can be realized, and the surface shape can be controlled by fewer actuators because the deformation by the actuators becomes global due to the high stiffness. However, the higher stiffness requests the higher output force of the actuator to control the surface shape, and hence, when the output force is limited, the shape control becomes difficult. On the other hand, the shell antenna can form the parabolic surface and can deform easily by the actuators. When the ribs are attached to the shell surface, the deformation becomes global, and the shape control can be realized by fewer actuators. In this paper, therefore, the rib-stiffened shell antenna is treated as shown in Fig.1 . In consideration of the rotation symmetry of the antenna, the selected area in Fig.1 is treated as the design domain. Figure 2 shows the analysis model of rib-stiffened shell antenna. In the model, the asymmetric deformation mode cannot be treated because the rotation symmetry is assumed. The nominal configuration of the analysis model is the ideal parabolic surface, where the focal length is 500mm. The configuration of the analysis model projected on the r- plane is an equilateral triangle whose one side is 500mm. In Fig.2, x, r, and  are global coordinate, x r , y r , and z r are rib fixed coordinate. The configuration of rib is a cylindrical shape whose diameter is d(x r ). The thickness of the shell is t(r). The material constants of the rib and the shell are indicated in Table 1 . The location of the actuator is x r = x F , where the attachment angle and the output force are  F and F, respectively. The boundary conditions of the analysis model are shown as follows.
Analysis model of rib-stiffened shell antenna
1. Rib is cramped at (x, r) = (0, 0) 2. Deformation of rib is symmetry with respect to y r The nominal design of the rib-stiffened shell antenna is as follows. 
Design Optimization Method
In the design optimization, the root mean square (RMS) of the surface error, where the disturbance and the output force of the actuator are applied, is minimized. The details of the design optimization are presented in this section.
Objective function
The objective function is the root mean square of the surface error so as to improve the surface accuracy. The surface error is evaluated in consideration of the electric field intensity of the aperture. Simple tapered pattern 6, 7) , which is one of the typical electric field intensity as shown in Eq. (1), is employed.
where  is the angle between the boresight direction and the direction from the point on the surface,  0 is the angle between the boresight direction and the direction from the edge of the surface, A x is the amplitude level at  0 relative to the maximum level, and A 0 is a normalization constant. Although the value of A x has to be determined in consideration of the antenna model in the practical design, in this paper, the value is assumed to be -10dB as the general case. The electric field intensity Eq. (1) is introduced as the weighting function of the surface error as,
where  rms is the root mean square of the best fit surface error considering the electric field intensity, A i is electric intensity at node i,  i is the surface error at node i, and N is the number of the node.
Optimization program
The design optimization is carried out by VisualDOC 8) . The
VisualDOC can integrate with several commercial analysis programs. The optimization algorithm, which is employed in the design optimization, is Particle Swarm Optimization (PSO) 8) . PSO uses probabilistic search directions and works with a set of solutions. The PSO emulates the social behavior of a group of birds or fish moving together. The information of the current best solution in the group is exchanged in the group, and the own best velocity and position are updated based on the best solution in the group. The PSO is employed because of the following two points. The first point is the optimization problem has many design variables. The second point is the solution depends on the initial condition of the optimization.
Finite element analysis program
The structural analysis is performed by the finite element analysis program ABAQUS 9) . In the FEA, the analysis procedure is static and linear, where the deformation of the antenna is assumed to be sufficiently smaller than the antenna size. The rib and the shell is modeled by the beam elements and the shell elements, respectively.
Design optimization process
The flowchart of the design optimization process is indicated in Fig.3 . The optimization is carried out by the following process. 1. Read original finite element model 2. Define design variables and generate ABAQUS input 
Design Optimization of Rib-stiffened Shell Antenna
This section presents an example of the design optimization of rib-stiffened shell antenna. To verify the effectiveness of the simultaneous optimum design, the individual optimum design of the actuators is also investigated as the contrast analysis. The design variables and the constraints are as follows.  Design variables  d(x r ), Distribution of rib thickness (9 points are optimized and interpolated)  t(r), Distribution of shell thickness (9 points are optimized and interpolated)  x F , Location of actuator  F, Output force of actuator As the temperature around the antenna edge is lower than the temperature of the center, the thermal strain around the edge becomes negative, and hence, the edge of the antenna shrinks.
As the boundary condition of the antenna model considers the rotation symmetry indicated by the boundary condition 2 in Section 2.2, the antenna surface deforms upper side as shown in Fig.4 .
The configurations, where the output force of the actuator is applied and the shape correction is carried out, are indicated in Fig.5a and b. Fig.5a shows the results of the individual optimum design of the actuators. In the individual design, the location, the angle, and the output force of the actuator are optimized, and the design variables of the structure are nominal design. On the other hand, Fig.5b shows the results of the simultaneous optimum design, where the design variables of the structure and the control system are optimized. In these figures, the counter plot shows the out-of-plane deformation of the antenna surface. Table 2 shows the results of the optimization.
In the individual optimum design, as shown in Fig.5a , the edge of the surface waves. The wave is induced by the circumferential constraint. As shown in Table. 2, the angle of the actuator is -76. 3 [deg] and the location of the actuator is on the edge of the rib, and hence, the edge of the antenna is displaced in the inner direction. In that case, the compressive stress in the circumferential direction is applied to the shell because the circumferential displacement of the antenna is constrained due to the boundary condition 2 indicated in Section 2.2. As the results, the edge of the antenna waves. When the wave is induced in the shell surface, the surface error becomes large. Thus, it is significant to design the antenna structure and the actuator so as not to induce the wave.
In the simultaneous optimum design, as shown in Fig.5b , the wave, which is shown in the individual optimum design, is not observed. It is because the thickness of the rib and the shell are optimized. Figure 6a and b indicate the thickness distribution of the rib and the shell, respectively. As shown in the figures, the rib thickness around the edge is small. On the other hand, the shell thickness around the edge is large. In that case, the deformation of the shell is independent of the deformation of the rib. Thus, the wave can be avoided by the optimization of the structure. In addition, the location of the actuator is not on the edge of the rib, and the rib and shell thickness is small around the location of the actuator. In that case, the surface control becomes easier, and the output force becomes sufficient to improve the surface accuracy.
To evaluate the efficiency of the shape correction, control efficiency E is introduced in terms of the surface error before shape correction  
The control efficiencies of the results of the optimization are Table. 2. In the case of the individual optimum design of the actuators, the control efficiency is 20%. On the other hand, the control efficiency of the simultaneous optimum design is 53%. Hence, the control efficiency of the simultaneous optimum design is 2.65 times larger than that of the individual optimum design of actuators. Therefore, the higher precision surface can be realized by the simultaneous optimum design of structure and the actuators. 
Experimental Verification of Design Optimization
In this section, the feasibility of the simultaneous optimum design is verified by demonstrating experiments. In this study, as the preliminary experiment, we treat the flat rib-stiffened shell antenna, where we assume that the focal length is infinite. At first, the simultaneous optimum design of the structure and the actuators is investigated for the flat rib-stiffened shell antenna by using the design optimization method examined in Section 3. Then, the experimental specimen is manufactured based on the results of the design optimization, and the feasibility of the optimum design is examined.
Optimum design for flat rib-stiffened shell antenna
The optimum design of the flat rib-stiffened shell antenna is examined by using the design optimization method indicated in Section 3. Figure 7 shows the analysis model for the flat rib-stiffened shell antenna. The center of the antenna is constrained. On the other hand, the boundary condition 2, which is indicated in Section 2.2., is not considered to simplify the experimental setup. In addition, it is difficult to manufacture the shell which has the thickness distribution, and hence, the distribution of the shell thickness is not included in the design parameter of the optimization. The angle of the actuator is also difficult to setup. Based on the above description, the design variable and the constraints for the optimization are as follows.
 Design variables
 t r (x r ), Distribution of rib thickness (4 points are optimized and interpolated)  x F , Location of actuator  F, Output force of actuator  Constraints  Mass of antenna < 1000g
The disturbance is the dead weight of the antenna specimen and the load on the rib described by yellow points indicated in Fig.7 . The other parameters are indicated in Table. 3. Figure 8 shows the distribution of the surface error obtained by the simultaneous design optimization. When the disturbance is applied to the antenna, the surface error is 1.09mmRMS. On the other hand, the surface error after the shape correction is 0.218mmRMS. As the surface error becomes 0.2 times by the shape correction, the effectiveness of the adaptive structure system is verified numerically for the flat rib-stiffened shell antenna. The rib configuration obtained by the optimization is indicated in Fig.9 . Additionally, the optimum location of the actuator is x F =320mm and the optimum output force of the actuator is F=8.6N. These optimal parameters are used in the experiments. 
Experimental setup
The overview of the experimental setup is indicated in Fig.10 . The antenna specimen is manufactured by attaching the rib to the 0.5mm flat-triangular shell. The optimized rib is manufactured by machine work. The material of the shell and the rib are aluminum. For the actuator, the tensile force is applied to the rib by nylon cable. The value of the tensile force is adjusted by tuning the length of the cable, where the value is measured by the load cell. The disturbance is applied by loading weights on the rib. The deformed shape of the antenna surface is measured by a laser displacement meter attached on the XY stage. The experimental equipment is located on the surface plate supported by vibration isolators. Table 4 shows the surface error obtained by the simulation and the experiments. When the antenna specimen is measured, the surface error before shape control and after shape control become 0.437mmRMS and 1.28mmRMS, respectively. These results are different from the numerical results qualitatively and quantitatively. The difference is caused by the misalignment of the attachment angle of the antenna specimen, FEM is used because the configuration without the dead load of the antenna specimen cannot be measured in the experiments. As shown in Table 4 , the surface error with correction before shape control and after shape control become 1.10mmRMS and 0.149mmRMS, respectively. These values are in agreement with the surface error obtained by the simulation. Additionally, Fig.11 shows the distribution of surface error before shape control and the after shape control. These error distribution is qualitatively agreement with the error distribution obtained by simulation in Fig.8 . Therefore, the feasibility of the simultaneous optimum design is verified. On the other hand, it is found that the misalignment of the setup affects the surface error, and the attachment accuracy of the antenna is significant to realize the high precision surface. 
Experimental results
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Conclusions
The simultaneous optimum design of the structure and the control system for the high precision rib-stiffened shell antenna was examined numerically and experimentally. The effectiveness of the simultaneous optimum design was verified because the surface accuracy of the simultaneous optimum design was higher than that of the individual optimum design of actuators. As the surface error obtained by experiments were agreement with the results of simulation, the feasibility of the optimum design was verified experimentally.
